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A B S T R A C T   
Climate change is likely to influence livestock production by increasing the prevalence of diseases, including 
parasites. The traditional practice of controlling nematodes in livestock by the application of anthelmintics is, 
however, increasingly compromised by the development of resistance to these drugs in parasite populations. This 
study used a previously developed simulation model of the entire equine cyathostomin lifecycle to investigate the 
effect a changing climate would have on the development of anthelmintic resistance. Climate data from six 
General Circulation Models based on four different Representative Concentration Pathways was available for 
three New Zealand locations. These projections were used to estimate the time resistance will take to develop in 
the middle (2040–49) and by the end (2090–99) of the century in relation to current (2006–15) conditions under 
two treatment scenarios of either two or six yearly whole-herd anthelmintic treatments. To facilitate comparison, 
a scenario without any treatments was included as a baseline. In addition, the size of the infective and parasitic 
stage nematode population during the third simulation year were estimated. The development of resistance 
varied between locations, time periods and anthelmintic treatment strategies. In general, the simulations indi-
cated a more rapid development of resistance under future climates coinciding with an increase in the numbers of 
infective larvae on pasture and encysted parasitic stages. This was especially obvious when climate changes 
resulted in a longer period suitable for development of free-living parasite stages. A longer period suitable for 
larval development resulted in an increase in the average size of the parasite population with a larger contri-
bution from eggs passed by resistant worms surviving the anthelmintic treatments. It is projected that climate 
change will decrease the ability to control livestock parasites by means of anthelmintic treatments and non-drug 
related strategies will become increasingly important for sustainable parasite control.   
1. Introduction 
Climate change is likely to influence livestock production globally 
and challenge many existing production systems. The impacts on live-
stock could be direct such as heat stress on the animal, and/or indirect, 
such as greater exposure to infectious diseases (Rojas-Downing et al., 
2017). Recent reports by the Intergovernmental Panel on Climate 
Change (2019) and the Food and Agriculture Organization of the United 
Nations (FAO, 2018) identified an increase in livestock diseases, 
including parasites, as a result of changing climate to have a negative 
impact on future food security. A common argument is that a rise in 
global temperature will lead to increased occurrence and alterations in 
the distribution of many infectious diseases (Epstein, 2001; Lafferty, 
2009). 
In many parts of the world dynamics of parasite populations are 
expected to change due to environmental conditions becoming more or 
less suitable for the development, survival and transmission of their 
infective stages (Hudson et al., 2006; Morgan et al., 2013; Pickles et al., 
2013; Rose et al., 2015). An increased exposure of domestic animals to 
nematode parasite challenge will presumably put increased emphasis on 
control measures, which today are largely dependent on the adminis-
tration of broad-spectrum anthelmintic drugs (Molento, 2009; Morgan 
et al., 2012). Currently, however, a serious problem for the control of 
nematode parasites is the development of resistance to these drugs, with 
resistance now common worldwide in parasites of livestock (Eddi et al., 
1996; Van Wyk et al., 1999; Waghorn et al., 2006; Demeler et al., 2009; 
Sales and Love, 2016; McKenna, 2018) and other grazing animals such 
as horses (Peregrine et al., 2014). If parasite challenge increases 
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concurrently with escalating issues of anthelmintic resistance, then the 
continued utility of drug-based parasite control must become doubtful. 
A greater understanding of the relationship between climate change, 
parasite populations and the development of drug resistance is, there-
fore, needed. 
The recent development of a whole lifecycle simulation model for the 
cyathostomin species complex infecting horses Leathwick et al., 2019; 
Leathwick et al., 2015; Sauermann et al., 2019) enabled the investiga-
tion of the development of anthelmintic resistance under different 
treatment regimens and for different climatic locations (Leathwick et al., 
2019; Nielsen et al., 2019). In these modelling studies the size of the 
parasite population increased, and anthelmintic resistance developed 
more rapidly in warmer climates when compared to colder climates. 
Here we extend that work to investigate the effect of climate change 
projections in climatically different locations to explore the likely effect 
of climate change on parasite population size and the development of 
anthelmintic resistance. 
2. Materials and methods 
2.1. The model 
The development of the model and incorporation of genetic mech-
anisms for anthelmintic resistance have been described in detail else-
where ( Leathwick et al., 2019; Leathwick et al., 2015; Sauermann et al., 
2019). Briefly, the model replicates the dynamics of the cyathostomin 
free-living and parasitic stages, the administration of anthelmintics and 
the subsequent build-up of resistant genotypes. The dynamics of the 
free-living stages is subject to the influence of temperature and rainfall, 
while the parasitic stages are influenced by the host age (as a proxy for 
immunity) and exposure to infection (infective stage larvae ingested and 
adult worm burden). Little is known of the genetic mechanisms involved 
in anthelmintic resistance in equine cyathostomins (Nielsen et al., 
2014), however, previous work has indicated that irrespective of the 
assumptions made regarding the number of genes involved and their 
dominance treatment strategies can consistently be ranked in order of 
rate of resistance development (Sauermann et al., 2019) i.e. the most 
selective strategy is always the most selective. For simplicity in the 
current study a single anthelmintic was utilised and resistance was 
assumed to be the result of a single gene mutation, represented by three 
genotypes, a homozygous susceptible (SS), a homozygous resistant (RR) 
and a heterozygote (RS) with an initial resistant R-allele frequency of 
10− 6. The anthelmintic efficacy was assumed to be 99%, 50% and 5% 
against adults and luminal larval stages of the SS, RS and RR genotypes, 
defining the inheritance of the resistance as intermediate under treat-
ment. The efficacy against the SS genotype was based on data for iver-
mectin reported by Klei and Torbert (1980), Klei et al. (2001), and Lyons 
et al. (1980). 
2.2. Herd structure and treatments 
All simulations assumed a group of 16 horses (1–19.75 years old in 
increments of 1.25 years). Age is used as a proxy for horse immune 
status, which influences the values of several parameters (Leathwick 
et al., 2019), including the establishment of new infection and egg count 
levels. Thus, the 16 horses used in the simulations represent a range in 
immune status, between that of a naïve foal or yearling to a mature, 
immune competent horse. The age structure remained unchanged, 
assuming the composition of the herd stayed consistent throughout the 
40-year simulation period. The model assumes a single grazing area of 1 
ha per horse, cumulatively grazed throughout the year with a pre-
determined pasture cover and fixed daily dry matter intake of 8 kg by 
each horse. 
The treatment strategies were chosen to represent a lower applica-
tion scenario with two yearly treatments, administered every six months 
(days 180, 360), i.e. summer and winter, and a more intensive 
application scenario with six yearly treatments administered every 
second month (days 60, 120, 180, 240, 300, 360). To facilitate com-
parison, a scenario without any treatments was included as a baseline. 
Furthermore, there was no persistent activity of the anthelmintic 
included in the model and efficacy was only applied on the day of 
treatment. No mitigation strategies to delay the development of resis-
tance were included to keep the focus solely on the effect of future 
climate conditions as such strategies have been investigated with the 
current model by the authors previously (Leathwick et al., 2019; Nielsen 
et al., 2019). 
2.3. Climate data 
Future climate projections (Tait et al., 2016) each spanning from 
2006 to 2100 for three New Zealand locations were chosen, i.e. with 
increasing latitude the Waikato (warm humid summer, mild winter), 
Hawkes Bay (warm dry summer, mild winter) and Southland (mild 
summer, cool winter) regions. The available projections were based on 
six different General Circulation Models (GCM), which model the gen-
eral circulation of earth’s oceans and atmosphere and are used to fore-
cast climate; i.e. CESM1-CAM5 (Neale et al., 2010), BCC-CSM1.1 (Wu 
et al., 2014), GFDL-CM3 (Griffies et al., 2011), GISS-E2-R (Schmidt 
et al., 2014), HadGEM2-ES (Martin et al., 2011) and NorESM1-M 
(Bentsen et al., 2013). These GCMs considered four different Repre-
sentative Concentration Pathways (RCP) for radiatively active constit-
uents (Moss et al., 2010), which describe different future pathways for 
the concentration of greenhouse gases, each representative for a larger 
set of published scenarios, and were agreed upon as the basis of climate 
change research by the IPCC and the science community in 2007 (van 
Vuuren et al., 2011); i.e. a scenario with high mitigation resulting in a 
peak and decline before 2100 (RCP2.6), two increasing scenarios of 
stabilization without overshoot after 2100 (RCP4.5 and RCP6.0), and a 
high emission scenario with continuous rise during the 21st century 
(RCP8.5). From the total 72 climate datasets (3 locations, 6 GCMs and 4 
RCPs), 10-year subsets including daily min-max temperatures and 
rainfall for the periods 2006–2015, 2040–2049 and 2090–2099 were 
extracted, to investigate the climate effects for different time periods. 
Each of these subsets was repeated four times to allow for a simulation 
period of 40 years. A general summary of the forecasted climate change 
for each location and period under the various RCPs can be found in 
Table 1, which also includes the number of days being with a 
freeze-thaw cycle increasing the mortality of infective stage larvae in the 
model (Leathwick et al., 2015a). (See supplementary data for more 
information). 
2.4. Impact on the development of resistance 
The main output of interest for each simulation was the time (in 
model years) until the efficacy fell below 90% for a period of at least 30 
days. As the model allows for multiple parasitic worm populations (i.e. 
horses) and to avoid complications of short-term changes in allele fre-
quency in the host following anthelmintic treatment, the calculation of 
efficacy was based on the R-allele frequency of the third stage larval 
population on pasture as outlined previously (Sauermann et al., 2019). 
The calculations followed the same assumptions about the genetic 
mechanisms of resistance as described above, with resistance defined as 
a <90% efficacy against the treated population. 
2.5. Impact on parasite populations 
To better understand the interplay between climate change, devel-
opment of resistance, treatment strategy and parasite population size, 
additional model outputs were summarised and compared. For a single 
year (the third) of each simulation, two variables were tabulated; 1) the 
mean daily number of third stage larvae (L3) in faeces and on herbage (a 
measure for the free-living population) and 2) the mean daily number of 
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early third stage larvae (EL3) encysted in the intestinal mucosal walls 
averaged across all horses as a measure of the parasitic phase popula-
tion. The EL3 was chosen over the adult stage, as adult populations 
undergo considerable and rapid fluctuations with treatments and adult 
population size is limited by density dependent effects. Summarizing the 
results for the third simulation year ensures that the efficacy of the 
treatments is still relatively high, i.e. above the selected 90% efficacy 
threshold for resistance, and represent the effect of the treatment sce-
nario. Calculating the results for later timepoints has the potential to 
confound the results as anthelmintic efficacy declines. 
3. Results 
3.1. Impact of current climate (between regions) 
The development of resistance varied between locations, time pe-
riods and anthelmintic treatment strategies. Overall, when the horses 
were treated six times per year, anthelmintic resistance developed 
considerably faster than when the number of annual treatments was 
only two. For both anthelmintic treatment scenarios, resistance devel-
oped more slowly in Southland than in Waikato and Hawkes Bay (Fig. 1 
A). 
The comparison of the parasite populations also showed a pro-
nounced difference in the parasitic EL3 and free-living L3 stages be-
tween locations (Fig. 1 B&C). In Southland, the population sizes were 
substantially lower than in the Waikato and Hawkes Bay. 
3.2. Impact of future climate 
When results for the periods of 2040–2049 and 2090–2099 were 
compared to 2006–2015, the time for resistance to develop was gener-
ally reduced, most notably for Southland (Fig. 2 A). In one case (the 
RCP2.6 scenarios) resistance developed faster for the 2040–2049 than 
for the 2090–2099 climate projections, but for all other RCPs develop-
ment time decreased towards the end of the century. For Waikato and 
Hawkes Bay, this did not occur in the six annual treatment scenarios 
with changes being minimal and inconsistent. 
Comparison of the parasitic EL3 and free-living L3 stages indicated 
an increasing trend towards the end of the century for all climate sce-
narios (Fig. 2 B, C). For the free-living L3 the data showed a consistent 
pattern of an increase in parasite numbers with increasing emission 
Table 1 
Overview of current and projected climate conditions. Yearly mean temperature 
and rainfall data are given for three New Zealand locations and four different 
Representative Concentration Pathways (RCP2.6 to RCP8.5) averaged across six 
General Circulation Models (GCM). Number of days with a freeze-thaw cycle, i.e. 
daily maximum above and minimum below 0 ◦C, resulting in a raised mortality 
rate of infective stage larvae. Means are calculated based on all RCP and GCM 
data for current (2006–15), and for all GCM data within each RCP for mid- 
century (2040–49) and end-century (2090–99) decades. Changes are given in 
brackets as difference to current condition.  
Location and 
Period 
RCP Temperature 
[◦C] 
Rainfall 
[mm] 
days with freeze/ 
thaw 
Waikato 
Current   14.1 1,217 8 
Mid 2.6 14.5 (0.4) 1,197 (-20) 5.7 (-2.2) 
4.5 14.7 (0.6) 1,222 (5) 5.8 (-2.1) 
6.0 14.6 (0.5) 1,219 (2) 5.9 (-2) 
8.5 14.8 (0.7) 1,202 (-15) 5.1 (-2.8) 
End 2.6 14.4 (0.3) 1,207 (-10) 6.3 (-1.6) 
4.5 15.1 (1.0) 1,177 (-40) 3.9 (-4) 
6.0 15.6 (1.5) 1,178 (-39) 2.6 (-5.3) 
8.5 16.8 (2.7) 1,167 (-50) 1.3 (-6.6) 
Hawkes Bay 
Current   13.9 749 12.4 
Mid 2.6 14.3 (0.4) 754 (5) 11.1 (-1.3) 
4.5 14.5 (0.6) 749 (0) 9.7 (-2.7) 
6.0 14.3 (0.4) 772 (23) 11.3 (-1.1) 
8.5 14.6 (0.7) 737 (-12) 10.7 (-1.7) 
End 2.6 14.2 (0.3) 756 (7) 11.2 (-1.2) 
4.5 14.7 (0.8) 724 (-25) 9.9 (-2.5) 
6.0 15.2 (1.3) 744 (-5) 7.2 (-5.2) 
8.5 16.1 (2.2) 695 (-54) 5.2 (-7.2) 
Southland 
Current   10.4 966 23.4 
Mid 2.6 10.7 (0.3) 991 (25) 19.2 (-4.3) 
4.5 10.8 (0.4) 994 (28) 19.1 (-4.4) 
6.0 10.8 (0.4) 979 (13) 18.6 (-4.8) 
8.5 10.9 (0.5) 999 (13) 17.1 (-6.4) 
End 2.6 10.6 (0.2) 971 (5) 21 (-2.5) 
4.5 11.2 (0.8) 990 (24) 14.9 (-8.5) 
6.0 11.5 (1.1) 1,043 (77) 12.1 (-11.3) 
8.5 12.4 (2.0) 1,090 (124) 5.7 (-17.8)  
Fig. 1. Summarised model output (+sd) based on current climate conditions 
(2006–2015) for the time anthelmintic resistance takes to develop (A), average 
number of encysted early third stage larvae (EL3) (B) and average number of 
infective stage larvae (L3) (C). Results were averaged across different Repre-
sentative Concentration Pathways and General Circulation Models. For larvae 
the results were limited to the third simulation year as number of encysted early 
third stage larvae per horse per day or number of infective stage larvae in faeces 
and on herbage per m2 per day. 
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scenarios, which were highest for the Southland with up to 110% for the 
untreated and 370% for the six treatment per year scenario for RCP8.5 in 
2090–2099. However, for the parasitic EL3, this pattern indicated some 
inconsistencies mainly around the RCP4.5 and RCP6.0 projections 
which were caused by large variation of the individual results of single 
GCMs. The Southland simulations showed the largest increase in pop-
ulation size for RCP8.5 in the 2090–2099 period, with 127% for the 
untreated scenario and a maximum increase of more than 1200% when 
applying six treatments per year. 
Combining the results for all the simulations involving two yearly 
treatments and comparing the time to resistance versus the parasitic EL3 
and free-living L3 populations shows a clear link between the size of the 
parasite population and the time resistance takes to develop (Fig. 3). The 
data indicates that the time for resistance to develop declines expo-
nentially with the average size of the parasite population. However, 
there were differences between locations and between time periods 
within locations. The population size was greatest in the Waikato region, 
which at the same time showed the fastest development of resistance. 
When the population size was small, such as in Southland, the devel-
opment of resistance was delayed. However, for all three locations a 
similar pattern was observed regarding how predicted climate change 
will influence the development of resistance in the three locations. The 
future climate projections indicated an increase in population sizes as 
well as an increase in the development of resistance. These changes were 
particularly notable with the higher RCP scenarios, i.e. RCP8.5 showed 
the highest increase in population sizes and development of resistance, 
whereas in case of RCP2.6 the increase was largest during the mid- 
century period. 
4. Discussion 
The purpose of this study was to investigate the likely influence of 
climate change scenarios on the dynamics of cyathostomin parasites of 
horses and the development of anthelmintic resistance. This analysis 
indicates that without mitigation, climate change is likely to accelerate 
development of anthelmintic resistance (Fig. 2 A). The data also 
Fig. 2. Summarised model output (+/-sd) for 
future climate conditions (2040–2049 and 
2090–2099) relative to current climate condi-
tions (2006–2015) for the time anthelmintic 
resistance takes to develop (A), number of 
encysted third stage larvae (EL3) (B) and num-
ber of infective stage larvae (L3) (C). Represen-
tative Concentration Pathway (RCP) Relative 
results were calculated for individual General 
Circulation Models before averaged and for 
larvae limited to the third simulation year as 
average number of encysted third stage larvae 
per horse per day or average number of infective 
stage larvae per m2 per day.   
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indicated that this is likely to be more pronounced in some locations 
than in others. 
Studies on the effects of climate change on pathogens or parasites 
predict a modification of occurrence and distribution range (Epstein, 
2001; Lafferty, 2009; Molnár et al., 2013; Pickles et al., 2013). Overall, 
studies largely indicate a shift of parasite distribution into areas where 
climatic conditions are currently limiting. For parasitic nematodes with 
direct lifecycles, which are dependent on environmental conditions for 
the development and survival of their free-living stages, similar changes 
are likely (van Dijk et al., 2010; Hoar et al., 2012; Morgan et al., 2013). 
For example, predictions suggest an increase of infection pressure with 
the ruminant parasite Haemonchus contortus in northern Europe, with an 
extended yearly transmission period compared to current climate con-
ditions (Rose et al., 2016). Other parasites, however, such as Ostertagia 
ostertagi, benefit from the current climate in some locations and may 
become adversely effected by predicted conditions, resulting in a drop of 
infection pressure (Rose et al., 2015). Nevertheless, the current study 
indicates that an increase in average temperature resulting in a longer 
period where conditions are suitable for development of free-living 
parasite stages will not only lead to a larger annual average parasite 
population, but also to a more rapid development of anthelmintic 
resistance. This will occur even if anthelmintic treatment intensity is 
unchanged in response to the higher worm challenge. 
Changes in the Southland region were notably larger than those 
Fig. 3. T ime for anthelmintic resistance (<90% efficacy) to develop versus average daily numbers (year three) of encysted early third stage (EL3) larvae per horse 
(top row) or third stage larvae (L3) in the herbage per m2 grazing area (bottom row) for three different locations (increasing latitude to left), when all animals receive 
two treatments per year. Individual data points represent individual simulation results for different Representative Concentration Pathways and General Circulation 
Models f or three time-periods of either 2006–2015 (circle), 2040–2049 (plus) or 2090–2099 (triangle). Inserts display the complete datasets for all three locations 
with the same axis-limits. 
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predicted in the more northerly (generally warmer) regions. The large 
increase in EL3 in Southland reflects the increase in larval ingestion due 
to the much better development of eggs on pasture. In the model the EL3 
population is strongly influenced by the number and seasonal pattern of 
larvae on pasture (Leathwick et al., 2019) while the adult worm burden 
remains relatively constant. EL3 populations are known to be highly 
seasonally variable between animals and can reach enormous numbers 
(Nielsen et al., 2010). Thus the large effect in Southland likely reflects 
the fact that the initial average population sizes of the free-living 
herbage L3 and parasitic EL3 were lower than in the northern loca-
tions and, therefore, showed a larger increase under climate change, i.e. 
the more severe winters typical of this region were initially more 
limiting to parasite development and survival. By the end of the century 
the RCP8.5 climate prognosis for Southland specifies that the number of 
days per year with a minimum temperature of below 0 ◦C will change 
from currently 37 to 7 and for days with a maximum temperature above 
25 ◦C from 7.6 to 24 (Ministry for the Environment, 2018), and days 
with a freeze-thaw cycle, causing increased mortality of infective larvae 
in terms of the model mechanics, will on average reduce from currently 
23.4 to 5.7 (Table 1). The predicted milder Southland winters with less 
cold day events will create environmental conditions more suitable for 
the free-living parasite stages for a longer part of the year and give any 
worms that survive treatment a greater opportunity to successfully 
produce viable infective stage offspring (Leathwick et al., 2019). It fol-
lows then that the increased rate of development in anthelmintic resis-
tance is linked to the changes in parasite dynamics, as shown in Fig. 3. 
This may stand in contrast to some current perceptions about the role 
of the free-living parasite population as a source of refugia, e.g. that in 
practice an increase of the rate resistance develops is mainly due to a 
greater treatment frequency and that an increase in the size of the free- 
living population size should increase the refugia capacity counteracting 
the development of resistance. However, any parasite on pasture is only 
in refugia, if it successfully develops to the adult stage and produces 
viable offspring, otherwise it does not contribute to the population ge-
netics and must be disregarded in terms of refugia. The increase in 
average pasture contamination over a 12-month period observed in the 
current simulations reflects improving conditions for the development 
of infective stage larvae. This applies to all genotypes equally. Under 
anthelmintic treatment the reproductive advantage to surviving adult 
worms is greater because the period over which eggs successfully 
develop is longer, hence there is a shift of successful reproduction in 
favour of resistant genotypes. Under the more favourable projected 
climate conditions and unchanged management regimes, the ratio of the 
reproductive rate of susceptible versus resistant parasites will shift to-
wards the resistant parasites and the refugia capacity of the free-living 
parasite population will decrease. 
As with previous studies (Leathwick et al., 2019) there was an as-
sociation between treatment frequency and the development of 
anthelmintic resistance (Fig. 1), with resistance developing faster under 
six annual treatments than under two. With more anthelmintic treat-
ments the proportion of resistant adult parasites in the host is increased 
as is the time over which no susceptible eggs are passed onto pasture. 
Furthermore, with an extended transmission period these resistant adult 
worms also have a higher likelihood to reproduce successfully to 
infective stage offspring, thereby escalating development of anthel-
mintic resistance. Because adult worm burden increases with the num-
ber of infective stage larvae ingested (Leathwick et al., 2019), higher 
survival and therefore numbers of free-living stages on pasture also in-
creases the number of adult worms available to be selected for resistance 
by anthelmintic treatments. This can be seen in the positive relationship 
between the time resistance took to develop and the number of parasitic 
EL3 (as a measure for the parasitic phase) or free-living L3 population 
(as a measure for the free-living phase and reproductive success) 
(Fig. 3). 
The likely dilemma ahead will be that if parasite populations, in 
many areas, are going to increase in size under climate change, horse 
owners and veterinarians are likely to respond by increasing the number 
of administered anthelmintic treatments, thereby making an already 
increasing problem of anthelmintic resistance, even worse. It is widely 
accepted that higher usage of anthelmintic drugs never has nor ever will 
constitute a sustainable solution, but only results in a faster selection for 
resistance (Kaplan and Vidyashankar, 2012). The solution will be to find 
ways in which parasite populations can be managed without more 
frequent administration of anthelmintic products. Mitigation strategies, 
that need to be explored and/or implemented (Cooper et al., 2015), 
include communication of revised and evidence based management 
strategies, e.g. maintaining an adequate parasite refugia (Barnes et al., 
1995; Kaplan and Nielsen, 2010; Miller et al., 2012;Leathwick et al., 
2012) and utilize selective treatment (Gomez and Georgi, 1991; Nielsen 
et al., 2019), ensuring the current resistance status is identified and 
effective treatments are used, including combination products (Leath-
wick et al., 2009; Dobson et al., 2011; Bartram et al., 2012; Leathwick, 
2012; Miller et al., 2012), avoiding unnecessary use of drugs, e.g. long 
acting anthelmintics or prophylactic applications without evidence of 
necessity (Sutherland et al., 1997; Leathwick et al., 2009, 2015). 
In conclusion, the study indicated that climate change will influence 
both the level of parasitism and development of anthelmintic resistance, 
however, the scale will vary with the magnitude of climate change and 
between climatically different locations. The results suggest that the 
changing environmental conditions in temperate climates will further 
lessen the ability to sustainably control livestock parasites merely by 
means of anthelmintic treatment. Non-drug related parasite control 
strategies will be increasingly necessary with predicted climate changes. 
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